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ABSTRACT
Magnetized neutron stars power at least some ultra-luminous X-ray sources. The ac-
cretion flow in these cases is interrupted at the magnetospheric radius and then reaches
the surface of a neutron star following magnetic field lines. Accreting matter moving
along magnetic field lines forms the accretion envelope around the central object. We
show that, in case of high mass accretion rates & 1019 g s−1 the envelope becomes
closed and optically thick, which influences the dynamics of the accretion flow and
the observational manifestation of the neutron star hidden behind the envelope. Par-
ticularly, the optically thick accretion envelope results in a multi-color black-body
spectrum originating from the magnetospheric surface. The spectrum and photon en-
ergy flux vary with the viewing angle, which gives rise to pulsations characterized by
high pulsed fraction and typically smooth pulse profiles. The reprocessing of radiation
due to interaction with the envelope leads to the disappearance of cyclotron scat-
tering features from the spectrum. We speculate that the super-orbital variability of
ultra-luminous X-ray sources powered by accreting neutron stars can be attributed to
precession of the neutron star due to interaction of magnetic dipole with the accretion
disc.
Key words: pulsars: general – scattering – magnetic fields – radiative transfer –
stars: neutron – X-rays: binaries
1 INTRODUCTION
Accretion onto a highly magnetized (surface magnetic field
B & 1012G) neutron star (NS) is governed by the magnetic
field of the central object. Namely, the accretion disc is inter-
rupted at the magnetosperic radius Rm, where the magnetic
pressure becomes comparable to ram pressure (due to Ke-
plerian motion) of accreting material. Then the matter (a)
follows magnetic field lines, (b) is accumulated at the mag-
netosphere (Siuniaev & Shakura 1977) or (c) is pushed away
from the system depending on magnetic field strength, mass
accretion rate and NS spin period (Shtykovskiy & Gilfanov
2005; Tsygankov et al. 2016a). If the matter continues its
movement along magnetic field lines, it reaches the NS sur-
face at small regions in the vicinity of the magnetic poles.
There the matter releases its kinetic energy mostly in X-
rays. This gives rise to X-ray pulsar (XRP) phenomenon
⋆ E-mail: al.mushtukov@gmail.com (AAM)
(see Walter et al. 2015 for recent review). The mass accre-
tion rate, surface magnetic field structure and strength affect
the geometry of the illuminating region (Basko & Sunyaev
1976b; Mushtukov et al. 2015b). Accretion luminosity of
XRPs can be close or even higher than the Eddington lumi-
nosity. Recent discoveries of pulsating ultra-luminous X-ray
sources (ULXs) show that XRP accretion luminosity can be
as high as 1040−1041 erg s−1, which is a few hundreds times
higher than the Eddington value for a NS (Bachetti 2014;
Israel 2016b,a; Fu¨rst et al. 2016a).
ULXs powered by accreting NSs require special geo-
metrical and physical conditions at the emitting region. It
is known that a high mass accretion rate leads to the ap-
pearance of an accretion column above the surface of the
NS (Basko & Sunyaev 1976b; Mushtukov et al. 2015b). The
accretion flow is stopped at the top of the column in a
radiation-dominated shock and then slowly settles down to
the surface. The column can be as high as the NS radius
(Poutanen et al. 2013) and the material is confined there
c© 2016 The Authors
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by magnetic field. It explains how accretion luminosity can
principally exceed the Eddington limit (Mushtukov et al.
2015a). It is also important that the effective scattering
cross-section and, therefore, radiation pressure are reduced
by strong magnetic field (Mushtukov et al. 2016, 2012;
Harding & Lai 2006).
There are still debates on the magnetic field strength in
recently discovered ULXs powered by magnetized NSs. The
model of beamed X-ray sources fed at a super-Eddington
accretion rate infers relatively weak magnetic field ∼ 1011G
(King & Lasota 2016). Assuming torque equilibrium and
solving the torque equation instead leads to B-field strength
of (2 ÷ 7) × 1013 G (Eks¸i et al. 2015) or lower ∼ 1013G
(Dall’Osso et al. 2015) depending on model assumptions,
which are essential near the equilibrium (Parfrey et al.
2016). Transitions of ULX M82 X-2 between high and
low states were interpreted as a “propeller”-effect, requir-
ing magnetar-like magnetic field ∼ 1014 G (Tsygankov et al.
2016b). This is in good agreement with predictions of a
model of accretion column (Mushtukov et al. 2015a).
The dynamics of the flow in the accretion envelope (cur-
tain) were assumed to be unaffected by radiation pressure
so far. However, this is not the case for ULXs powered by
accreting NSs. In this case the accretion flow between the
inner disc radius and NS surface should be affected by radi-
ation pressure. Moreover, simple estimations show that the
accretion curtain at accretion luminosity L & 1040 erg s−1
becomes optically thick and shields the central object com-
pletely. It should influence the observational manifestation of
bright XRPs. The possibility of NS shielding of by optically
thick medium was supposed earlier (Eks¸i et al. 2015) in or-
der to explain null result of search of pulsations in archival
XMM-Newton observations of several ULXs performed by
Doroshenko et al. 2015.
In this paper, we discuss properties of accretion cur-
tain at the magnetosphere of ultraluminous XRPs. We pay
attention to its observational manifestation in spectral and
timing properties of ULXs.
2 BASIC IDEAS
2.1 Accretion flow at the magnetospheric surface
The accretion disc is interrupted at the magnetospheric ra-
dius (Lai 2014), given by
Rm = 7× 10
7Λm1/7R
10/7
6 B
4/7
12 L
−2/7
39 cm, (1)
where m = M/M⊙ is NS mass in units of solar masses,
B12 = B/10
12 G is surface magnetic field strength, L39 =
L/1039 erg s−1 is the accretion luminosity, R6 = R/10
6 cm
is the NS radius and Λ is a constant which depends on the
accretion flow geometry with Λ = 0.5 being a commonly
used value for the case of disc accretion. From the magneto-
spheric radius the matter follows dipole magnetic field lines
(Frank et al. 2002), which are described by the relation
r(λ) = Rm cos
2 λ, (2)
where λ is the angular coordinate measured from the accre-
tion disc plane and r(λ) is a distance from the central object
to a given point at the magnetic dipole line (see Fig. 1).
The optical thickness of the flow at the magnetospheric
surface is defined by the mass accretion rate M˙ , local veloc-
ity v(λ) and mechanism of opacity. For the case of ionized
gas at temperature T > 107K the opacity is defined by
electron scattering (at lower temperature the Kramer opac-
ity dominates with much higher cross-sections and optical
thickness) and local optical thickness is
τe(λ) ≈
κeM˙d0
2SDv(λ)
(
cos λ0
cosλ
)3
≈
70L
6/7
39 B
2/7
12
β(λ)
(
cos λ0
cosλ
)3
,
(3)
where β(λ) = v(λ)/c is local dimensionless velocity along
magnetic field lines, SD ∼ 10
10 cm2 is the area of accre-
tion channel base at the NS surface, d0 is the geometrical
thickness of the channel at the base, λ0 ≃ pi− (R/Rm)
1/2 is
the coordinate corresponding to the accretion channel base
and κe = 0.34 cm
2 g−1 is the Thomson electron scattering
opacity for solar abundances.
The matter on the B-field lines moves under the influ-
ence of gravitational fgrav and radiation f rad forces. If the
photon flux is directed from the central object, the directions
of the forces are opposite to each other. If the local magnetic
field strength is sufficiently high and is not significantly dis-
turbed by radiative force, the dynamics of the material at
the field lines is defined by the longitudinal component of the
resulting force. The angle between the radius-vector pointed
to a given point at the dipole field line and the tangent to
the field line (see Fig. 1) is
χ = arctan(0.5/ tan(λ)).
In the case of a rotating NS there is also a centrifugal force
fcent in the corotating reference frame, which affects the dy-
namics of matter. The centrifugal force is directed perpen-
dicular to the spin axis of a NS. Hence, the angle between
the tangent to the field line and the centrifugal force is
ξ = pi + χ− λ.
The resulting force gives an acceleration along magnetic
field lines a||(λ) and the velocity of accretion flow is de-
scribed by
β
dβ
dλ
=
Rm cosλ(4− 3 cos
2 λ)1/2
c2
a||(λ), (4)
where a||(λ) is acceleration along the magnetic field lines
caused by the resulting force. This differential equation can
be solved for known acceleration along magnetic field lines,
given an initial velocity of material, mass accretion rate,
surface magnetic field strength and spin period of the NS.
2.2 Closed optically thick magnetospheric
envelopes
In the case of extremely high mass accretion rate M˙ &
2.5 × 1018Λ21/22B
6/11
12 m
−5/11, which corresponds to accre-
tion luminosity
L & 3.4× 1038 Λ21/22B
6/11
12 m
6/11 erg s−1, (5)
the accretion disc becomes radiation dominated and geomet-
rically thick (Shakura & Sunyaev 1973; Suleimanov et al.
2007). In this case the accretion curtain is closed and ra-
diation from the central object cannot leave freely the mag-
netosphere. Because the velocity along B-field lines cannot
MNRAS 000, 1–8 (2016)
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Figure 1. The structure of accretion flow in ULX powered by accreting NS. The geometrically thick accretion disc is interrupted at the
magnetospheric radius and the accretion flow forms optically thick envelope. The inner part of dipolar magnetosphere is filled with hot
thermolised photons. The observer detects the photons originated from the outer surface of magnetosphere.
exceed the free-fall velocity, the optical thickness of the ac-
cretion curtain due to electron scattering τe(λ) > τe(0) =
L
8/7
39 B
−2/7
12 according to (3). Hence the accretion curtain is
optically thick if L39 & B
1/4
12 . At luminosity
L & 5.7× 1039 Λ7/9B
4/9
12 m
8/9R
1/3
6 erg s
−1 (6)
accretion disc thickness at the magnetospheric radius Rm is
comparable to the size of NS magnetosphere (Lipunov 1982).
The photons from the central object are more likely
reprocessed and reflected back into the cavity formed by
the dipole magnetosphere than to immediately penetrate
through the envelope. Each photon undergoes a number of
scattering before it leaves the system. Hence, the radiation
field is in equilibrium inside the magnetosphere and can be
roughly described by black-body radiation of certain tem-
perature Tin, which is determined by the total accretion lu-
minosity, the size of magnetosphere and its optical thickness.
Let us consider a simplified problem of a point source
of luminosity Lps surrounded by spherical envelope of ra-
dius Rsp and optical thickness τsp ≫ 1. Then the outer
temperature of the spherical envelope is related to the in-
ner temperature Tin as Tout ≈ Tinτ
−1/4
sp . Because the to-
tal luminosity is conserved, the outer temperature is re-
lated to the luminosity and geometrical size of the envelope:
σSBT
4
out = Lps/(4piR
2
sp). Then the internal temperature is
Tin = [τspLps/(4piσSBR
2
sp)]
1/4. In the case of a central source
surrounded by a dipole surface, the internal temperature de-
pends on the distribution of optical thickness over the sur-
face.
The radiation force due to black-body radiation in the
magnetospheric cavity is directed perpendicularly to the
magnetic field lines. As a result, the dynamics of the ac-
cretion flow along B-field lines is determined by gravity and
centrifugal force only and described by the equation
β
dβ
dλ
=
GM(4− 3 cos2 λ)1/2
c2Rm cos3 λ
(7)
×
[
cosχ+
(
ω
ω∗K
)2
cos7 λ cos ξ
]
.
Despite high optical thickness of the accretion curtain
the photons penetrate through it after a number of scat-
terings. The time of photon diffusion through the accretion
curtain is defined by local optical and geometrical thickness:
tdiff ≈
τ (λ)d(λ)
c
∼ 2× 10−9
L
6/7
39 B
2/7
12 d(λ)
β(λ)
(
cos λ0
cos λ
)3
sec. (8)
If the photon diffusion time is much smaller than the dynam-
ical time scale, the local flux at the outer side of a curtain is
defined by the internal temperature and local optical thick-
ness (Ivanov 1969)
Tout(λ) ≃ Tinτ
−1/4(λ). (9)
Because the temperature at the outer side of the curtain
varies depending on the optical thickness, the whole accre-
tion curtain radiates multi-color black-body radiation. The
typical outer temperature can be roughly estimated as
Tout ∼
(
L
σSB4piR2m
)1/4
≈ 0.5L
11/28
39 B
−2/7
12 m
−1/14R
−5/7
6 keV. (10)
The internal temperature is higher and has to be found nu-
merically. We see that the temperature in the envelope is
& 1 keV for typical ULX luminosity and the opacity is, in-
deed, dominated by electron scattering.
The observed spectrum depends on the viewing angle
as well because the observer sees different parts of the ac-
cretion curtain from different directions. The photon energy
flux distribution over photon energy E is defined by the tem-
perature distribution over the visible parts of the envelope
and given by
FE =
2E3
h3c2
R2m
D2
∫
dϕ
∫
dλ cos i(ϕ, θ)
cos4 λ(4− 3 cos2 λ)1/2
exp
[
E
kTout(λ)
]
− 1
,
where the integrals are taken over the visible part of mag-
netic dipole surface, i denotes the angle between the line
MNRAS 000, 1–8 (2016)
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of sight and local normal to the dipole surface and D is
the distance from the NS to observer. If the typical time of
photon diffusion through the accretion curtain (8) is compa-
rable to the dynamical time-scale (which can be the case at
high luminosity & few× 1040 erg s−1), the final spectrum is
disturbed.
The total luminosity of the accretion curtain can be
obtained by integration of the flux over the dipole surface:
L =
4pi
h3c2
R2m
∞∫
0
dEE3
λ2∫
λ1
dλ
cos4 λ(4− 3 cos2 λ)1/2
exp
[
E
kTout(λ)
]
− 1
≃ 6.3 × 1039R2m,8
×
∞∫
0
dEkeVE
3
keV
λ2∫
λ1
dλ
cos4 λ(4− 3 cos2 λ)1/2
exp
[
E
kTout(λ)
]
− 1
where Rm,8 = Rm/10
8 cm and EkeV = E/1 keV.
It has to be noted that accretion from the disc likely
results in an accretion channel, where the matter is confined
to a narrow wall of magnetic funnel. In this case part of
accretion column radiation can be radiated into the outer
part of the magnetospheric cavity. This part of radiation is
not reprocessed by the optically thick accretion curtain and
is represented by a power-law spectrum.
The accretion disc by itself can contribute to the X-ray
flux at extreme mass accretion rates. The effective temper-
ature of the disc at the magnetospheric radius Rm (1) can
be roughly estimated as
Tdisc ≃ 0.25L
13/28
39 B
−3/7
12 m
−3/28R
−23/28
6 keV, (11)
which is close to the temperature expected from the ac-
cretion envelope (10). The energy spectrum of the ac-
cretion disc is likely given by milti-color black-body
(Shakura & Sunyaev 1973), but can be disturbed due to
advection. As a result, one can expect an additional non-
pulsating component component in spectrum of ULXs pow-
ered by accreting NSs.
The magnetic field strength at the magnetospheric sur-
face should be high enough to confine the accretion flow
affected by internal radiation pressure Prad ≈ aT
4
in/3. Then
the magnetic pressure
Pmag(λ) =
B2(λ)
8pi
should exceed Prad: Prad/Pmag . 1. The magnetic field pres-
sure can be estimated from below by
Pmag(λ = 0) ≃ 3.4 × 10
11Λ−6B
−10/7
12 L
12/7
39 m
−6/7R
−18/7
6 .
Using estimation of the outer temperature (10) we get
Prad
Pmag
. 7× 10−2τL
−1/7
39 B
2/7
12 m
2/7R
−2/7
6 , (12)
which turns to Prad/Pmag . 0.07L39m
2/7R
−2/7
6 in the case
of accretion flow of free-fall velocity. Therefore, the accre-
tion envelope can be unstable at accretion luminosity above
1040 erg s−1, but this is beyond the scope of the present
work.
2.3 Interaction of the accretion curtain with
X-ray photons in normal XRPs
XRPs usually show hard energy spectra well fitted by
a broken power law and complicated pulse profiles (see
Walter et al. 2015 for recent review). Accreting NSs in nor-
mal XRPs are surrounded by an accretion curtain of inter-
mediate optical thickness and relatively low temperature.
The principal mechanisms of interaction between photons
and accretion curtain are photoionization of heavy elements
and Compton scattering with the energy recoil effect when
the photon energy E ≫ kTe (Syunyaev 1976). The photons
originating from the emitting region (hot spots or accre-
tion column) are reprocessed partially. The photons expe-
rience ∼ τ 2e scatterings on the average, where τe is the op-
tical thickness (Ivanov 1969; Illarionov & Syunyaev 1972).
The initial energy of photons will be reduced due to the re-
coil effect from E ≫ kTe to ∼ max(3kBTe,mec
2/τ 2e ), which
leads to effective energy absorption by the accretion curtain
(Syunyaev 1976). The absorbed energy is re-emitted in the
soft X-ray energy band. Because the plasma layer occupies
only some part of the magnetospheric surface, it affects X-
ray pulsations and can cause the complicated structure of
pulse profiles (Basko & Sunyaev 1976a). A detailed discus-
sion of effects arising from accretion curtain in normal XRPs
is beyond the scope of this paper.
2.4 Power spectra affected by closed envelope
XRPs commonly show fast aperiodic variability of X-ray
flux over a broad frequency range (similar variability is
shown by accreting black holes, see Ingram 2016). The vari-
ability is explained by the propagating fluctuations model
(Lyubarskii 1997). The initial mass accretion rate variabil-
ity is produced all over accretion disc due to MHD processes
(Balbus & Hawley 1991) and results in mass accretion rate
variability at the magnetospheric radius (Lyubarskii 1997).
In the case of normal XRPs the observer detects photons
directly from the emitting regions near the NS surface and
variability of the mass accretion rate is directly imprinted in
variability of observed X-ray flux (Revnivtsev et al. 2009),
which provides the possibility of diagnostics of accretion
disc. In case of extremely high mass accretion rate typical for
ULXs the optically thick envelope screens the direct X-ray
flux originating from the vicinity of the NS and reprocesses
it. Observed variability is defined by variability of the mass
accretion rate at the NS surface and variability of the local
mass accretion rate and optical thickness at the magneto-
spheric envelope. As a result, aperiodic variability of ULXs
is expected to be suppressed on time scales shorter than the
timescale of matter travel from the disc to the NS surface.
3 MODEL SET UP
For simplicity and in order to get qualitative results we con-
sider the accretion disc to be aligned with the equatorial
plane of magnetic dipole. Inclining the magnetic dipole field
changes the equations, but the main physical ideas remain
the same.
We consider a Keplerian accretion disc, where the an-
MNRAS 000, 1–8 (2016)
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gular velocity is given by
ΩK =
(
GM
R3
)1/2
= 11.5
(
m
R38
)1/2
rad s−1. (13)
The angular velocity of the magnetosphere is Ω = 2pi/P . If
the mass accretion rate and accretion luminosity are higher
than the limiting values corresponding to “propeller”-effect
(see, e.g., Tsygankov et al. 2016a):
Llim ≃ 5× 10
37Λ7/2B212P
−7/3m−2/7R56 erg s
−1, (14)
then the magnetospheric radius is smaller than the corota-
tional radius and Keplerian angular velocity is higher than
the angular velocity of NS magnetosphere. The accreting
material looses its kinetic energy due to interaction with the
magnetosphere. The lost energy is going into heat. The re-
leased energy is defined by the difference between Keplerian
and magnetospheric angular velocities: Wth ∝ (ΩK − Ω)
2.
The temperature caused by dissipation of kinetic energy is
T =
1
2
(γ − 1)Tvir
[
1−
Ω
ΩK
]2
, (15)
where γ is the adiabatic index and the virial temperature is
defined as
Tvir =
GMµ
RR
,
where R is the gas constant and µ the mean atomic weight
per particle (Spruit 2010). Hence, the temperature can be
estimated as min(T, Tdisc), where
T ≈
γ − 1
1−X
Λ−1m6/7L
2/7
39 B
−4/7
12 R
−10/7
6
[
1−
Ω
ΩK
]2
keV,
where X is the hydrogen mass fraction. The typical dimen-
sionless thermal velocity of protons βth = vth/c at the inner
disc radii is given by
βth =
1
c
(
3kBT
mp
)1/2
≈ 0.056
(
γ − 1
1 +X
)1/2
Λ−1/2m3/7
×L
1/7
39 B
−2/7
12 R
−5/7
6
∣∣∣∣1− ΩΩK
∣∣∣∣ , (16)
We take this velocity as the initial velocity of the accretion
flow along the magnetic field lines.
The accretion disc has a certain geometrical thickness,
which is defined by hydrostatic balance in the vertical direc-
tion (Shakura & Sunyaev 1973) and affected by the origin
of opacity (Suleimanov et al. 2007). The disc can be divided
into three zones according to the dominating pressure and
opacity sources. Gas pressure and Kramer opacity dominate
in the outer regions of the accretion disc (C-zone). The rel-
evant disc scaleheight is given by(
H
r
)
C
= 0.056α−1/10L
3/20
39 m
−21/40R
3/20
6 r
1/8
8 , (17)
where r8 = r/10
8 cm is the dimensionless radial coordinate.
Gas pressure and electron scattering dominate in the inter-
mediate zone (B-zone), where(
H
r
)
B
= 0064α−1/10L
1/5
39 m
−11/20R
1/5
6 r
1/20
8 , (18)
and radiation pressure may dominate in the inner zone (A-
zone) where (
H
r
)
A
= 0.1
L39R6
m
r−18 . (19)
The boundary between B- and C-zones is at rBC ≈ 9 ×
108 L
2/3
39 m
−1/3R
2/3
6 cm, while the boundary between A- and
B-zones is at rAB ≈ 2.2× 10
8 L
16/21
39 m
−3/7R
16/21
6 cm.
At mass accretion rates above few × 1018 g s−1 (see
equation (5)) the disc is interrupted at the radiation domi-
nated A-zone. According to (19) geometrical thickness can
be comparable to the magnetospheric radius at L & 6 ×
1039 Λ7/9B
4/9
12 m
8/9R
1/3
6 (Mushtukov et al. 2015a; Lipunov
1982), but increase of accretion disc thickness can be stopped
if accretion disc becomes advection-dominated (Lasota et al.
2016). Hence, the geometrical thickness of accretion disc
given by (19) can be overestimated.
The geometrical thickness gives the initial coordinate λ
from which the accretion flow starts its motion along mag-
netic field lines. We assume that the accretion flow starts
with typical thermal velocity defined by interaction between
the accretion disc and the magnetoshpere at Rm (16). It
might be important for the case of extremely high mass ac-
cretion rates, when the disc is interrupted at its radiation
dominated zone (A-zone) and geometrically thick there.
4 NUMERICAL RESULTS
We solve equation (7) numerically for a given NS mass, spin
period and surface magnetic field strength, taking the initial
velocity to be equal to the thermal velocity of protons at the
inner radius of accretion disc (16). The initial coordinate is
defined by the geomerical thickness of accretion disc λini =
atan(0.5H/R) at the magnetospheric radius.
The typical velocity profiles and corresponding optical
thickness distributions over the magnetospheric surface are
given by Fig. 2a,b. The mass accretion rate and optical thick-
ness define the surface temperature Tout (see Fig. 2c). The
rotation of NS affects the surface temperature only slightly.
According to numerical solutions of equation (7) the typi-
cal time scale of motion of material between the magneto-
spheric radius and NS surface is ∼ (0.1÷ 1) sec. The accre-
tion flow receives the major part of final kinetic energy in the
very vicinity of a NS, where the influence of radiation and
centrifugal forces is negligible. As a result, the final veloc-
ity of matter near NS surface is affected by mass accretion
rate only slightly and earlier theoretical constructions on
the structure of X-ray flux forming region (Basko & Sunyaev
1976b; Mushtukov et al. 2015b,a,c) are not influenced by dy-
namics in the accretion curtain.
The internal temperature Tin depends on the mass ac-
cretion luminosity and magnetic field strength (see Fig. 3).
The temperature is affected by the spin period of the NS
because rotation influences the velocity (and therefore the
local optical thickness) of accretion flow due to the centrifu-
gal force.
Because of the geometry of the accretion flow, the opti-
cal thickness can be high enough to cause advection of pho-
tons. The advection process becomes important when the
time of photon diffusion (8) becomes comparable to the time
over which the material passes a distance equal to the local
MNRAS 000, 1–8 (2016)
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Figure 2. The dimensionless velocity (a), optical thickness (b)
and effective outer temperature (c) at the dipole surface of the
accreting NS as a function of coordinate λ. Red solid and dashed
black lines are given for NS spinning with period P = 1 sec and
non-rotating NS respectively. The accretion flow velocity is not
affected significantly by the mass accretion rate and the curves at
(a) correspond to accretion luminosity 5× 1039 erg s−1. Two sets
of curves on (b) and (c) plots are given for accretion luminosity of
5× 1039 erg s−1 (lower) and 1040 erg s−1 (upper). Magnetic field
strength is B = 1013G. The parameters used in the calculations:
M = 1.4M⊙, R = 106 cm, Λ = 0.5.
geometrical thickness of the envelope: t∗(λ) = d(λ)/(cβ(λ)).
It happens at cos λ . 4 cosλ0L
2/7
39 B
2/21
12 . Therefore, the ad-
vective zone is located very close to the NS surface even at
accretion luminosity L ∼ 1039÷1040 erg s−1. We do not take
advection in the accretion envelope into account.
The matter velocity of the accretion flow is significantly
smaller than free-fall velocity all over the envelope except the
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Figure 3. The internal temperature Tin as a function of accretion
luminosity is shown by red solid lines for NS spinning with period
P = 1 sec and by black dashed lines for non-rotating NS. Different
curves correspond to different magnetic field strength: 1012, 2 ×
1012, 4 × 1012, 8 × 1012, 1.6 × 1013, 3.2 × 1013G (from left to
right). The upper ends of red curves are defined by condition
of super-critical disc at the magnetospheric radius (defined by
the disc scale height becoming comparable to the magnetospheric
radius). The parameters used in the calculations: M = 1.4M⊙,
R = 106 cm, Λ = 0.5.
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Figure 4. The accretion luminosities where the minimal optical
thickness of the envelope due to electron scattering is equal 1, 3
and 10, are given by red solid lines (spin period of NS is taken
to be P = 1 sec) and red dashed lines (non-rotating NS). The
grey dashed-dotted line shows the limiting luminosity due to the
propeller effect for spin period P = 1 sec. The centrifugal force
becomes essential when the accreting NS is close to the limiting
propeller luminosity: the force slows down the accretion flow and
makes it optically thicker. The grey solid line limits the region of
super-critical disc accretion given by (6). The parameters used in
the calculations: M = 1.4M⊙, R = 106 cm, Λ = 0.5.
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regions close to NS surface. As a result, the estimation of
optical thickness from the assumption of free-fall velocity is
underestimated and the accretion curtain becomes optically
thick already at L & 1039 erg s−1 (see Fig. 4). Therefore,
ULXs powered by accretion onto magnetized NS have to be
surrounded by the optically thick envelope. The minimal op-
tical thickness on the magnetosphere is affected significantly
by centrifugal force if the accretion luminosity becomes com-
parable to the limiting propeller luminosity: the centrifugal
force reduces the velocity along magnetic field lines, which
leads to increasing of optical thickness.
5 SUMMARY
The accretion onto magnetized NS goes through the accre-
tion curtain at the magnetosphere. In the case of extremely
high mass accretion rates typical for ULXs, the accretion
curtain becomes closed and optically thick (see Fig. 4). This
affects the dynamics of matter in the curtain and the basic
observational manifestation of the accreting NS at luminos-
ity above few × 1039 erg s−1.
The closed accretion curtain intercepts and reprocesses
the initially hard radiation from the central object into
black-body like radiation of temperature which depends on
the local optical thickness and total accretion luminosity
(see Fig. 2c). Hence the accretion curtain manifests itself
by multi-color black-body spectrum, which varies with the
viewing angle and can be dominated by the curtain temper-
ature. In this case the total spectrum can be fitted by dou-
ble black-body, where the harder component corresponds
to accretion envelope and low energy componenet corre-
sponds to an advection dominated accretion disc. Varia-
tions of viewing angle due to NS spin lead to variations of
the observed spectrum and cause observed pulsations. Be-
cause the accretion disc provides a non-pulsating low en-
ergy component in the spectrum, the pulsed fraction is ex-
pected to be higher in the higher energy band. These state-
ments are in agreement with observational data: the spec-
trum of pulsating ULX-1 in NGC 5907 is well-described by
multi-color black-body (Fu¨rst et al. 2016b), while the pulsed
fraction is, indeed, higher in the higher energy band. It is
interesting, that the spectra of several ULXs are well fit-
ted with a double black-body model (Stobbart et al. 2006;
Kajava & Rico-Villas 2016).
At larger timescales the viewing angle can also vary due
to precession of the magnetic dipole (Lipunov & Shakura
1980) giving rise to super-orbital variability. The precession
period of the NS can be roughly estimated:
tpr ≈ 1.5× 10
4 µ
−2
30 I45R
3
m,8P
−1
cosψ(3 cos ζ − 1)
years, (20)
where ψ is the angle between the normal to the accretion
disc plane and NS spin axis, ζ is the angle between the spin
axis and magnetic field axis, µ30 = B12R
3
6 is NS magnetic
moment and I45 is NS moment of inertia. If NS has surface
dipole magnetic field > 1014 G the precession period can be
about a year. It is interesting that a few ULXs including
bright pulsating ULX-1 in galaxy NGC 5907 (Israel 2016b)
show modulation of a photon flux with typical period of a
few months: pulsating M82 X-2 - 55 days (Kong et al. 2016),
M82 X-1 - 62 days (Kaaret et al. 2006), pulsating ULX NGC
7793 P13 - 65 days and 3000 days (Hu et al. 2017), pulsating
ULX-1 NGC 5907 - 78 days (Walton et al. 2016), NGC 5408
X-1 - 115 days and 243 days (Strohmayer 2009; Han et al.
2012), HLX ESO 243-39 - 375 days (Servillat et al. 2011).
Finally we conclude that
(i) Optically thick accretion envelope affects the ob-
served spectra of ULXs because of reprocessing of X-ray
radiation from the central object. In the case of a closed ac-
cretion curtain, the spectrum is described by a multi-color
black-body, which can vary with viewing angle. It is likely
that the multi-color black-body spectrum of the accretion
envelope is dominated by the curtain temperature.
(ii) Optically thick envelope makes cyclotron lines orig-
inating from the central object undetectable.
(iii) The curtain affects the observed pulse profile. The
observer see photons, that have been reprocessed by the en-
velope and re-emitted from a much more extended photo-
sphere of a geometrical size comparable to the geometrical
size of NS magnitosphere. This explains a difference between
typical pulse profiles of XRPs and pulsating ULXs: in case
of normal XRPs, observer detects photons from the central
object and the pulse profile is disturbed by the accretion
curtain, while in the case of ULXs the pulse profile is totally
defined by emission from the envelope.
(iv) In the case of normal XRPs velocity of the matter in
the accretion curtain is almost unaffected by radiation pres-
sure. In the case of ULXs powered by accretion onto a NS,
the velocity of material on the magnetosphere is different,
but the velocity near the NS surface is still close to free-fall
velocity. As a result, the developed theoretical models of the
geometry of illuminating regions are valid (Basko & Sunyaev
1976b; Mushtukov et al. 2015a).
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